. It has also been used to provide evidence for cellular gate, distinct from the selectivity filter, that the movement of the S4 voltage-sensor in Na ϩ and K ϩ regulates access to the pore.
Introduction mouth of the K ϩ channel pore during C-type inactivation (Yellen et al., 1994; Liu et al., 1996) . Voltage-activated K ϩ channels open and close a The S6 transmembrane region ( Figure 1 ) has been K ϩ -selective pore in response to changes in the transproposed as a candidate for the lining of the intracellular membrane voltage. Understanding this gating mechamouth of the voltage-dependent K ϩ channel pore, based nism involves answering two types of questions: how on the effects of mutations in this region on the binding does the protein sense the change in voltage, and how of open channel blockers and on single channel conducdoes the pore then open and close? Recent studies tance (Choi et al., 1993; Shieh and Kirsch, 1994 ; Lopez on Na ϩ and K ϩ channels have provided evidence Taglialatela et al., 1994) . Also, genetic selecmovement of the charged S4 region plays a role in volttion for gating dysfunction from random mutants of a age sensing (Sigworth, 1994; Aggarwal and MacKinnon, yeast K ϩ channel has yielded mutations in the S6 region 1996; Larsson et al., 1996; Seoh et al., 1996; with altered gating (Loukin et al., 1997) . We introduced al., 1996) . Less is known about the molecular nature cysteines in this region as targets for chemical modificaof the pore gating process. Does the selectivity filter tion by MTS reagents. We found that for many of these constrict, does part of the pore collapse, or is there a introduced cysteines, the rate of chemical modification separate trap door or gate that restricts access to the was extremely dependent on whether the channel was pore?
open or closed. To learn more about where these cysteThe best information about the gates of voltageines sit in relationship to the pore and its gate, we have dependent K ϩ channels has come from the pioneering also studied the ability of open channel blockers to prowork of Armstrong on the effects of intracellularly aptect the cysteines from reaction, and the ability of Cd 2ϩ plied quaternary ammonium (QA) blockers (Armstrong, ions to bind to the cysteines and modify gating. Our 1966 Our , 1971 Our , 1975 . He found that tetraethylammonium results support the idea that there is an activation gate and its long-chain derivatives could block the squid on the intracellular end of the pore, distinct from the axon delayed rectifier K ϩ channel, specifically when the selectivity filter, that regulates communication between the intracellular bathing solution and the pore-lining part of S6.
*These authors contributed equally to this work. (Tempel et al., 1987) extend roughly from residues 457 to 478, though the region of strong evolutionary conservation extends somewhat further (to about 485). We focused on the region indicated by the thickened line (from 469-486). (B) Amino acid sequence from related K ϩ channels of different families, showing the amino acid conservation in the P and S6 regions. Dashes indicate residues that are the same as the corresponding Shaker H4 residue. Underscored residues are completely conserved in the Kv1.x-Kv4.x family. The numbering is that for the Shaker K ϩ channel.
Results
treated in the closed state for 5 s with 100 M trimethylaminoethyl-MTS (MTSET), and there was no change in the current amplitude. By contrast, when the channels State-Dependent Reactivity of Cysteines Introduced in S6
were treated for 100 ms in the open state with the same concentration of MTSET, current amplitude was irreAn example of a cysteine mutant in the S6 region with state-dependent reactivity to intracellular thiol reagents versibly reduced by ‫.%58ف‬ This shows that the introduced cysteine at 474 is much more reactive to intracelis shown in Figure 2A . The 474C mutant channels in this inside-out patch were held closed at a voltage of Ϫ90 lularly applied reagents when the channel is open. To confirm that this large change in reactivity was mV, and their activity was monitored using brief activating pulses to 0 mV every 4 s. The channels were first related to channel gating rather than to some other effect Figure 2 . Gating State Dependence for Chemical Modification of an S6 Cysteine (A) Chemical modification of channels with a cysteine at position 474. Voltage clamp current was measured from an inside-out patch containing 474C channels. From a holding potential of Ϫ90 mV, brief test pulses (10 ms) to 0 mV were applied to measure the current through the channels (closed circles). MTSET (100 M) was applied for 5 s to closed channels, with no effect. Applying the same concentration of MTSET for 100 ms with the channels open (during a 140 ms pulse to 0 mV) reduced the current by ‫.%58ف‬ (B) Typical measurement of the modification rate constant. Left: dots indicate the steady-state current in response to brief pulses to 0 mV; every other pulse is shown. Arrows indicate times at which 100 M MTSET was applied for 200 ms, during a voltage step to Ϫ60 mV. Right: remaining current as a function of cumulative modification time. depolarization, in parallel with the channel gating (g-V) curve, and it reached a plateau value at voltages giving the maximum open probability. This result is consistent with gated access of the reagent to the cysteine. The maximum reaction rate constant of ‫000,441ف‬ M Ϫ1 s Ϫ1 is very large and comparable to the rate constant for MTSET reaction with free mercaptoethanol ‫000,09ف(‬ M Ϫ1 s
Ϫ1
; from Stauffer and Karlin, 1994) . This approach was applied systematically to determine the state-dependent reactivity of cysteines introduced at positions 469 through 486, one at a time. The cysteine mutant channels generally had little alteration in their gating. Almost all of the channels had a midpoint voltage for activation in the range Ϫ70 mV to Ϫ35 mV, and a 20%-80% risetime (at 0 mV) in the range of 0.5-1.5 ms. The two exceptions were for the two proline-tocysteine mutations: P473C had slow activation kinetics ‫3ف(‬ ms risetime at 0 mV), and P475C had a large shift in voltage dependence (midpoint ‫5ف‬ mV) and very slow activation kinetics ‫03ف(‬ ms at 40 mV). One mutant in this region (F481C) did not give functional expression in homotetramers or in a dimer with one mutant protomer; transfection with a mixture of mutant and wild-type expression plasmids gave currents that could not be distinguished from wild type. Figure 3 shows the pattern of state-dependent reactivity of cysteines substituted in S6. For each mutant studied, we measured the apparent second-order reaction rate constant in the closed and open states. The values for closed and open state rates are plotted on a logarithmic axis, so that the length of the bar connecting them shows the fold-change in cysteine reactivity between the two states. The deepest accessible cysteines, at positions 470 and 474-477, showed modification almost exclusively in the open state, with a 400-to 50,000- 
Protection of S6 Cysteines by an Open-Channel Blocker
The idea that access to the deeper S6 cysteines is reguof voltage (such as the movement of the reagent into the membrane field), we studied the detailed voltage lated by the activation gate assumes that these residues lie within the central ion-conducting pore of the channel. dependence of the reactivity. The reaction rate was obtained by measuring the time course of current reduction
To test this assumption, we measured the ability of a known open-channel blocker, tetrabutylammonium upon repeated brief applications of MTSET ( Figure 2B ), and the rate of the single exponential time course was (TBuA; French and Shoukimas, 1981) , to protect cysteines at the two deepest positions (470 and 474) from used to compute a second-order reaction rate constant. Figure 2C shows that the reaction rate rose steeply with reaction with the MTS reagents. For example, when the (A) Outward current through 470C mutant channels, before MTSEA treatment, after treatment in the presence of TBuA, and after treatment without blocker. Data from an inside-out patch with depolarization from Ϫ90 to ϩ60 mV; the pretreatment current level was 400 pA. In the presence of 100 M TBuA (yielding ‫%09ف‬ steady-state blockade), treatment with 400 M MTSEA for 0.75 s produced only a small amount of current reduction. In the same patch, a similar treatment with no blocker resulted in substantial current reduction. (B) Modification time course, without blocker (open circles; ≈ 1.0 s), with 64% blockade (filled circles; ≈ 3.2 s), or with 80% blockade (open squares; ≈ 4.7 s). If TBuA protects the cysteines completely, these amounts of blockade are predicted to slow the modification rate by 2.7-and 4.9-fold, respectively.
470C mutant was treated with MTSEA in the presence expressing tandem dimers with a 474C mutation only in the first protomer. Unlike the homotetramer, these of 100 M TBuA, there was very little modification compared with the same treatment in the absence of blocker channels show spontaneous dissociation of bound Cd 2ϩ ( off ϭ 0.9 Ϯ 0.1 s for dimers versus Ͼ 10 min for homo-( Figure 4A ). Using different concentrations of TBuA to vary the fractional blockade, we found that the degree tetramers, both at 0 mV). This strong dependence of Cd 2ϩ affinity on the number of cysteines argues that of protection was well-correlated with the degree of blockade ( Figure 4B ). For instance, when channels were the Cd 2ϩ interacts with multiple 474 cysteines; it also supports the conclusion that these cysteines line the ‫%08ف‬ blocked, the modification rate was ‫-7.4ف‬fold slower than the control, compared with the predicted pore and are near its axis. Does this tight interaction of a Cd 2ϩ ion with multiple value of ‫-5ف‬fold slower if blocked channels were completely protected from modification. This indicates that 474 cysteines in different subunits affect the ability of the channel protein to go through the motions of gating? the protection effect is likely to be caused by TBuA acting at its block site. Similar results were obtained for If these cysteines move substantially during gating, then the bridging of these cysteines by a Cd 2ϩ should introthe 474C mutant (data not shown), consistent with these positions lying in the pore, behind or near the binding duce a strong Figure 5D ). The apparent release the channels were held closed at a negative voltage, rate, ␤ app , should then be a function of the probability but inhibition occurred rapidly when the channels were that the channel gate is open, given that the channel is open ( Figure 5A ), just as for the MTS reagents. This blocked, P(O Խ B): Cd 2ϩ inhibition was essentially irreversible, even in the presence of the chelator EGTA. However, Cd 2ϩ could ␤ app ϭ ␤ · P(O Խ B) be released from the channel by the di-thiol compound ϭ ␤ · P(OB)/[P(CB) ϩ P(OB)] 2,3-dimercaptoϪ1-propanesulfonate (DMPS), particularly during a long depolarizing pulse ( Figure 5A ).
The extremely tight binding of Cd 2ϩ to the 474C mutant where ␤ is the maximal release rate from the open state (␤ is also proportional to [DMPS] ). suggests that the metal ion may interact with several of the four cysteines at this position in the homotetramer.
In spite of the very strong binding of Cd 2ϩ , which involves cysteines in multiple subunits, the voltage de-DMPS probably releases Cd 2ϩ from this tight binding site by using its two vicinal thiols to displace the protein pendence for gating in the presence of Cd 2ϩ (determined from ␤ app ) was virtually unaltered from that of 474C chanligands ( Figure 5B ), much as it releases arsenical reagents from multi-cysteine binding sites (Loring et al., nels in the absence of Cd 2ϩ ( Figure 5C ). This is consistent with the idea that the amino acid residues at position 1992; Liu et al., 1996) . To test whether Cd 2ϩ binds to multiple 474 cysteines, we studied a channel having 474 do not move much during gating. We consider this in more detail in the Discussion. only two instead of four cysteines at this position, by Figure 2C . There is Ͻ0.5 kcal/mol difference between Cd 2ϩ -blocked and unblocked channels in the equilibrium constant for gating. (D) Schematic for Cd 2ϩ trapping. Cd 2ϩ ions can enter the channels from the intracellular side only in the open state; once it enters, channels can reclose (to the CB state), preventing Cd 2ϩ from being released by DMPS. Measurements of the Cd 2ϩ escape rate (C) report the CB OB equilibrium, while g-V measurements report the C O equilibrium.
A similar phenomenon occurs at the 470 site. DMPS shows the effect of 20 M Cd 2ϩ , in the presence of 50 is again required for rapid release of Cd 2ϩ from the 470C mM extracellular K ϩ to make the inward currents more mutant, although there is a measurable rate of spontaneprominent. After Cd 2ϩ was applied, the channels reous Cd 2ϩ release from this mutant (0.016 Ϯ 0.002 sec Ϫ1 mained open even upon repolarization to Ϫ110 mV (Figat 0 mV) . The voltage dependence of release is again ure 7A, 1), and they carried a constant inward current. similar to the voltage dependence of normal (unblocked) A subsequent depolarization ( Figure 7B , 2) produced channel gating (Figure 6 ), though opening of Cd 2ϩ -only an instantaneous change in the direction and ampliblocked channels occurred at slightly more negative tude of current through the channels, with no timevoltages. This shift corresponds to a rather small change dependent gating ( Figures 7A and 7B, 2ϩ did not prevent current flow through the pore. Figure 7A subsequent depolarization in the continued presence of Discussion S6 contributes to the pore lining Our data strongly support the idea that part of S6 lines the gated intracellular part of the pore, which leads to the narrower ion-selective part of the pore formed by the P loop ( Figure 8A , left). Several pieces of evidence suggest that the cysteines introduced at 470 and 474 contribute to the pore lining. First, the cysteines at these sites were protected from MTS reaction by an open channel blocker, TBuA. An open channel blocker could, in principle, protect these sites by either a direct or indirect action. That is, it could interfere directly with reagent access to these sites, or C-type inactivation (Baukrowitz and Yellen, 1996a, 1996b) . Neither of these effects is likely to be responsible for the protection effect. If the primary effect of TBuA were to hold the channel open, this would produce an Cd 2ϩ opened the channels with kinetics just like those increase in the reaction rate at these three sites, rather seen in the absence of Cd 2ϩ (Figure 7A, 4 ; compare than the observed decrease. Also, we did all of the traces a and c in Figure 7B ). Modification of 476C chanprotection experiments using brief depolarizations and nels with MTS reagents also held them open without high external [K ϩ ], which should minimize C-type inactipreventing current flow (data not shown).
vation and any effects of the blockers on it. Therefore, Although we do not yet understand all of the features although we cannot rule out some other type of allosteric of these effects (for instance, the 20%-30% increase interaction, it seems reasonable to interpret these proin the initial response with Cd 2ϩ ), they provide a clear tection effects as a direct blocker protection of cysteines contrast to the results with 470C and 474C, suggesting in the pore. that the cysteine at 476 does participate somehow in Second, cysteines at position 474 in different subunits gating. Also, unlike the other two mutants, the 476 posican apparently contribute to a single high-affinity bindtion may not lie in the pore, since its reaction with MTSET ing site for Cd 2ϩ . Spontaneous release of Cd 2ϩ from the is not prevented by blockade with TBuA (data not 474C mutant is not observed (in minutes) when four cysteines are present, but does occur when only two 474 shown). was applied to an inside-out patch beginning 100 ms before the second of three depolarizing pulses to 0 mV. The channels failed to close completely after the 2nd pulse (1). There was some reduction in current at Ϫ110 mV after many seconds (slower time scale; center section), probably reflecting inactivation; significant closure occured at Ϫ160 mV, with a time constant of 2.1 s. A subsequent depolarization (faster time scale; 4) re-opens channels, which again fail to close completely at Ϫ110 mV. (B) Expanded view of the rising phase of three pulses marked in (A). Trace b shows the instantaneous change in current of Cd 2ϩ -treated channels, with no remaining time-dependent gating. Traces a (control) and c (in Cd 2ϩ , after recovery at Ϫ160 mV) show a similar activation time course. one way: Cd 2ϩ binds equally well to both states. In the diagram, the vertical arrows indicate the large favorable energy of Cd 2ϩ binding.
This conclusion would place tight constraints on the nature of the gating motion, since these cysteines could not move much (relative to each other) without affecting their interaction with Cd 2ϩ
. If the cysteines moved closer or further apart during gating, they would have different interaction energies in the open and closed states, and therefore Cd 2ϩ would shift the gating curve. One could imagine that the lack of effect simply involves a cancellation of a favorable and an unfavorable effect of Cd 2ϩ , but similar results are seen for Zn 2ϩ release from the 474C mutant (data not shown), so this is unlikely. Overall, this analysis suggests that the amino acid residues at positions 470 and 474 line a part of the pore that remains static during gating, and that the strongly state-dependent reactivity of cysteines at these positions is due to a gate located between them and the intracellular solution ( Figure 8A ).
For a slightly more realistic three-state model of gating, the interpretation is less clearcut. We consider a model with two closed states, D and A. In this model, most of the voltage dependence is in the D A equili- , there the S6 (part of which lines the pore). Evidence that the P loop forms the selective part of the pore comes from mutagenesis studies are three classes of models in which Cd 2ϩ binding in- (MacKinnon and Yellen, 1990; Yool and Schwarz, 1991; Hartmann duces no shift in the apparent voltage dependence. In Yellen et al., 1991; Heginbotham et al., 1994) .
the following diagrams of these models, the top row is tion denotes relative free energy:
(C) Pinching-shut of the P-region selectivity filter (as proposed by Sun et al., 1996 , for cyclic nucleotide gated channels).
cysteines are present. This argues that the 474 cysteines are close together near the axis of the channel, and therefore they probably line the pore. Figure 8B ) or because access to pancy of the O Cd state is very low, but it is always proporthe cysteines is regulated by a gate at the intracellular tional to the occupancy of the A state, and its voltage entryway to the pore ( Figure 8A ). We attempted to distindependence is much like the original voltage depenguish these possibilities by measuring the effect of Cd lid that covers the pore ( Figure 8A ) or with a collapse maximal current reduction with 1 mM intracellular MTSET. The tandem dimers were prepared by subcloning into a construct of the intracellular entryway to the pore ( Figure 8B ). They prepared by Heginbotham and MacKinnon (1992) . The A protomer argue against the idea that the P region is the sole site contained the cysteine mutation and the B protomer was the "wild of activation gating ( Figure 8C ), as proposed for cyclictype" (as above).
nucleotide-gated channels (Sun et al., 1996) . However, we cannot exclude the possibility that both an intracelluPhysiological Recording lar gate and an extracellular gate (perhaps in the P reStandard experimental solutions contained, in mM: 150 NaCl, 10 gion) move during activation gating (as suggested by KCl, 3 CaCl2, 1 MgCl2, and 10 HEPES, at pH 7.4 (pipette); and 160 Miller et al., 1987; Grissmer and Cahalan, 1989 ; but see KCl, 0.5 MgCl2, 1 EGTA, and 10 HEPES, at pH 7.4 (bath). Solutions Armstrong et al., 1982) .
with Cd 2ϩ contained no EGTA.
A separate line of evidence favors the idea of an intracellular lid, with a relatively static cavity located between Chemical Modification this gate and the selectivity filter ( Figure 8A ). Large qua-MTS reagents (Toronto Research Chemicals, Downsview, Ontario) ternary ammonium (QA) blockers of 8-10 Å in diameter were made as stocks in water each day, held on ice, and mixed can be trapped behind the activation gates in K ϩ chaninto the recording saline within a few minutes prior to use. 2,3-nels of the squid axon (Armstrong, 1971 ) and the node dimercaptoϪ1-propanesulfonate (DMPS) was purchased from of Ranvier (Armstrong and Hille, 1972 The blockers TEA and decyltriethylammonium can be 2B and 4B; also in Holmgren et al., 1996a; Liu et al., 1996) . The MTS trapped in these channels, and the gating of blockerconcentration was raised as high as 3 mM to measure the slowest occupied channels is shifted by only ‫01ف‬ mV. Channels rates, and lowered to 1 M to measure the fastest rates. High MTS concentrations could also produce a rapid 10%-20% reduction in close around a blocker with no additional effort, favoring current that was also seen in wild type; this rapid phase was ignored the idea that in the closed state there is a substantial in determining the specific modification rate.
cavity lying behind the activation gate, rather than a
For the mutants 483C and 486C, there was little or no reduction complete collapse of the pore.
in current with MTSET treatment, so we measured the loss of sensi-
The gated pore of these channels thus appears to be tivity to Cd 2ϩ blockade. For the 476C mutant, we did a single applicaa special instance of an enzyme active site that can be tion of MTSET and measured the fraction of current with altered gating immediately after modification (results were like those in covered by a gate, possibly a hinged lid like that seen Figure 7B ; only a single time point was obtained for each patch).
in structural studies of other types of natural and engi-MTSEA experiments (on the 470C mutant) gave the same results neered proteins (for examples, see Joseph et al., 1990;  in the presence of 20 mM cysteine on the opposite (extracellular) Fitzgerald et al., 1996) . The precise identity and motion side of the membrane, indicating that this membrane-permeant reof the intracellular activation gate is still unknown, but agent did not act from the extracellular side (Holmgren et al., 1996b).
this motion can be critically altered by Cd 2ϩ binding to
In addition, extracellular MTSEA (100 M) had no effect on 470C channels in outside-out patches.
an introduced cysteine at position 476. Cd 2ϩ binding at
